How gas-phase materials become incorporated with cloud droplets has been an intriguing subject for decades, and considerable work has been done to understand the interactions between closed-shell molecules and liquid water. The interactions between open-shell radical species and liquid-phase cloud droplets, however, are not well understood. To probe these interactions we used quantum chemistry calculations to predict the energetics of the hydroperoxy radical (HO2) in the presence of an (H2O)20 spherical water cage. Our calculations show that it is energetically favorable for the radical to bind to the outside of the cage. This configuration has the hydrogen and the terminal oxygen of the radical as its primary bonding sites. Free-energy calculations suggest that, at atmospheric conditions, there will be a partitioning between HO2 radicals that are surface-bound and HO2 radicals that dissolve into the bulk. This may have important ramifications for our understanding of radical chemistry and may lend insight into the role that clouds and aerosols play in atmospheric chemical processes.
R
adical species play an important role in controlling the chemistry of the atmosphere. The uptake of radicals by both aqueous atmospheric aerosols and cloud droplets can impact gas-phase chemistry by removing reactant radicals from the gas phase. For example, the uptake of HO 2 radicals by cloud droplets slows down the gas-phase loss of ozone (O 3 ) because HO 2 can react with O 3 as follows (1):
Lack of HO 2 concentration can also suppress the formation of O 3 by the reaction sequence
However, the mechanism by which HO 2 is taken up by an aqueous medium and what happens to the HO 2 after uptake both are unclear. Knowing whether a particular radical species is adsorbed (surface-bound) or absorbed (dissolved into the bulk) is critical to an understanding of its kinetics and reaction dynamics.
The current model for how a gas-phase molecule is taken up by a water droplet (2) is depicted in Fig. 1 . The first step involves gas-phase diffusion to the surface of the droplet. The second step involves accommodation of the gas-phase molecule at the surface. This is the crucial step, and little is known about how a radical interacts with the surface. Studies by Gertner and Hynes (3) have looked at how closed-shell molecules interact with water surfaces, but no studies to date have explained how open-shell species might be accommodated. Once a molecule is accommodated, the third step involves diffusion within the water droplet. Reaction within the bulk, diffusion of the reaction products back to the surface, and desorption from the droplet make up the remainder of the sequence. An understanding of each of these steps is essential to comprehend reactive uptake by water droplets, which is important for atmospheric models and the interpretation of heterogeneous processes occurring in the atmosphere.
Field observations have offered evidence for the uptake of HO 2 by atmospheric aerosols (4, 5) , which act as nucleating sites for cloud droplets. Furthermore, laboratory and theoretical studies in recent literature show that there is a particularly strong interaction between an HO 2 radical and a water molecule (6, 7) . Calculated binding energies have been reported to be as much as 7.0 kcal͞mol. The most recent of these has suggested that the binding of the complex is due to one hydrogen bond between the hydrogen of the radical and the oxygen of the water and a second weaker attraction between the terminal oxygen of the radical and one of hydrogens of the water (8) . Such a configuration has a f loppy five-membered ring-like structure and leaves the oxygenOoxygen bond of the complexed radical exposed for reaction. If the oxygenOoxygen bond is similarly exposed when an HO 2 radical is in the presence of multiple water molecules, there may be dramatic implications on our understanding of how the reactivity of HO 2 is affected by the presence of finite-sized water clusters and even macroscopic water droplets.
The focus of this theoretical work is to understand how the hydroperoxy radical behaves in the presence of multiple water molecules by studying the interactions between an HO 2 radical and an (H 2 O) 20 spherical cage. The results are used to make general predictions about the behavior of HO 2 radicals in the presence of cloud droplets.
Calculation Method
As a model of an HO 2 radical in the presence of a cloud droplet, we have examined (H 2 O) 20 ⅐HO 2 complexes. A 20-water system *To whom correspondence may be addressed. E-mail: jfrancis@purdue.edu or kais@ purdue.edu. was decided on after many preliminary calculations had been performed on smaller (H 2 O) N ⅐HO 2 clusters (where N ϭ 2-6, 8, 10, 12, and 16). Although many hydrogen-bonding connectivities are possible for the (H 2 O) 20 cluster (9-13), we selected a spherical cage-like structure with S 10 symmetry as its starting geometry. A water cage is ideally suited for these studies because it allows for the radical to be placed inside and hence surrounded by water molecules. Furthermore, selecting a cage with such a high degree of symmetry means that there will be a limited number of unique sites, both internal and external, to which the radical might bind, which significantly reduces the amount of computation time necessary for a thorough search. However, because of the number of heavy atoms involved, all the systematic searching that was used to locate minima of the potential energy surface was conducted by using unrestricted HartreeFock theory and a 6-31G(d) basis set. To determine whether this basis set would be sufficient for our purposes, optimizations were performed on the smaller (H 2 O) N ⅐HO 2 clusters with the 6-31G(d) and 6-31G(d,p) basis sets. The results of these two sets of optimizations were found to be in good agreement with each other. After the relevant minima were identified, both secondorder Møller-Plesset perturbation theory single-point calculations and density functional theory optimizations were performed to check the effects of including electron-electron correlations. Searches were conducted by placing the radical at many locations around the cage (including inside). At each location, multiple starting orientations were tried. In this article we report on two structures with the radical on the outside of the cage, [ Once stationary points on the potential energy surface were identified, frequency analyses were carried out to verify that each structure reported was a minimum of the surface. After a structure had been established as a minimum, it was necessary to calculate, for comparison purposes, the binding energy between the radical and the water cluster. This was done by using the equation binding energy 2 ], where each bracketed structure was fully optimized in isolation. The GAUSSIAN 98 suite of programs (14) was used for all quantum calculations.
Results
(H2O)20 Spherical Cage. The water cage can be thought of as a four-level structure, L1-L4, as is shown in Fig. 2 . The top and bottom levels, L1 and L4, are cyclic pentamer rings in which each water molecule uses one of its hydrogens in a hydrogen bond within the ring and has its other hydrogen dangling. Because of this, all the hydrogens that bond L1 to L2 (and L3 to L4) are donated by L2 (and L3). The middle two levels, L2 and L3, also each consist of five water molecules. These are oriented such that each adjacent pair of water molecules on L2 (L3), along with a corresponding pair from L1 (L4) and one molecule from L3 (L2), form a pentamer ring on the side of the cluster. There are a total of 10 of these pentamer rings. All the water molecules from L2 and L3 have both of their hydrogens participating in hydrogen bonds; therefore the only dangling hydrogens are on L1 and L4. Thus, of the 40 hydrogen atoms, 30 participate in hydrogen bonding and 10 are dangling.
The first calculation performed was a full optimization (174 degrees of freedom) of this cage structure. If our only interest were in the (H 2 O) 20 cage, such a difficult calculation would not be required, but because the presence of the radical will inevitably break the symmetry of the system, these full optimizations were absolutely necessary.
The absolute energy of the (H 2 O) 20 cage, at the HF͞6-31G(d) level of theory, was found to be Ϫ1,520.51273 a.u. with a binding energy per hydrogen bond of 6.2 kcal͞mol. This is greater than the binding energy of the fully optimized water dimer (15) , which is 5.6 kcal͞mol [HF͞6-31G(d)] and reveals that additional stability is brought to the cage via three-molecule (and higher) potential energy contributions.
[(H2O)20⅐HO2] OUT,SIDE . For this configuration of the (H 2 O) 20 ⅐HO 2 complex, the hydrogen of the radical is hydrogen-bound to the oxygen of an L2-water molecule, and the terminal oxygen of the radical is hydrogen-bound to a dangling L1-hydrogen atom, where the above mentioned L1-and L2-water molecules are hydrogen-bound to each other. The central oxygen atom of the radical does not participate in hydrogen bonding for this structure. It can be seen from Fig. 3a that there is virtually no distortion of the cage shape except for a slight tug on the L1-hydrogen atom, which forms the hydrogen bond with the radical. The binding energy between the (H 2 O) 20 and the radical was calculated to be 14.5 kcal͞mol.
In Fig. 3a Right, we show an enlarged view of the (H 2 O) 2 ⅐HO 2 structure that is primarily responsible for the binding between the radical and the cage. The two dangling hydrogens of this structure are cis to each other. This is a somewhat destabilizing feature, and a single-point calculation reveals that this threemolecule structure is 1.8 kcal͞mol less stable than the fully optimized (H 2 O) 2 ⅐HO 2 , which has a binding energy of 13.3 kcal͞mol. This 1.2 kcal͞mol difference in binding energy between the N ϭ 2 and N ϭ 20 fully optimized structures is small and suggests that the binding of the radical to the cage, for this configuration, is a fairly localized phenomenon. OUT,TOP structure is shown in Fig. 3b . To make this bonding configuration possible, the cage must undergo changes in its hydrogen-bonding connectivity. Because each L1-water molecule already accepts two foreign hydrogens for hydrogen bonding, structural changes in the cage are necessary to expose the oxygen atom of one of the L1-water molecules. The main changes involve the breaking of a hydrogen bond between an L1(L4)-oxygen atom and an L2(L3)-hydrogen atom, and the forming of a new hydrogen bond between the previously dangling hydrogen of the same L1(L4)-water molecule and the oxygen of the same L2(L3)-water molecule. To attain the binding configuration of this (H 2 O) 20 ⅐HO 2 complex, the cage actually undergoes three occurrences of this structural change: two on L1 and one on L4. These sites are identified by arrows in Fig. 3b OUT,SIDE configuration of the previous section. The large excess of binding energy, in this case, is the result of the severe distortion and hydrogen-bonding connectivity rearrangement that the cage experiences.
The three-molecule cyclic structure that is primarily responsible for the bonding of this configuration has been enlarged and rotated and is shown in Fig. 3b Right. From this view, it can be seen that, for this three-molecule system, the two dangling hydrogens are trans to each other. This is a more stable configuration than the cyclic structure from Fig. 3a . In fact, this slightly contorted (H 2 O) 2 ⅐HO 2 structure is only 0.5 kcal͞mol less stable than the fully optimized one.
[ (H2O)20⅐HO2] IN . The third configuration of (H 2 O) 20 ⅐ HO 2 that we are reporting has the radical inside the cage. Optimizations were started with various orientations for the radical, and the most stable optimized configuration is shown in Fig. 3c . Because none of the dangling hydrogens of the isolated cage are directed into the cage, some structural rearrangement was found to be necessary for any structures that have the radical inside. This particular configuration actually has three hydrogen bonds between the radical and the cage, where each of the atoms of the radical participate in one of the hydrogen bonds. The hydrogen of the radical can quite readily find a suitable hydrogen-bonding site because there are 10 oxygen atoms of water molecules (of L2 and L3; all 10 are equivalent) that have accepted only one foreign hydrogen. It is the oxygen atoms of the radical that require the structural rearrangement. When the radical is placed inside, two hydrogens, one from L2 and one from L3, bend inward to bond to the oxygen atoms of the radical. Then, to maintain the integrity of the cage, two nearby dangling hydrogens, one from L1 and the other from L4, bend down͞up to replace the lost hydrogen bonds. The Fig. 3c Right shows the relative orientations of the radical and the three molecules to which it is hydrogenbound. 20 ⅐HO 2 structures were found, potential energy curves for each were established to obtain a clearer picture of the energetics of the system as the radical approaches the cluster. The curves were calculated, in each case, by starting with the fully optimized structure (the minimum of each curve) and placing the radical in different positions along a line connecting the central oxygen atom of the radical and the closest oxygen atom of the cage. During this motion, the relative (angular) orientation of the radical and the cage was maintained. The radical was moved incrementally both closer to and farther from the cage. At each distance, a single point energy was measured. These data are plotted in Fig. 4 .
Although the three curves have different energy values, there are two common features among them: the distances at the minima (R min ) and the distances at which the interaction energies approach zero (R E30 the radical to enter the cage; the droplet-scale analogy for this phenomenon would be the dissolving of the radical.
Discussion and Implications for the Interactions of HO 2 and Water Surfaces
As a model of an HO 2 radical in the presence of a cloud droplet, we studied the energetics of an (H 2 O) 20 ⅐HO 2 cluster where the (H 2 O) 20 was initialized as a spherical cage with S 10 symmetry. Three configurations of (H 2 O) 20 ⅐HO 2 are reported here: two of which have the radical on the outside of the cage and one of which has the radical contained within the cage.
Of the three structures reported, the first one, OUT,SIDE configuration, which underwent very little distortion, better approximates a gas-phase chemical species on a solid-phase ice surface, because the water molecules of ice are fixed in position and orientation and therefore cannot reorient themselves (to the same degree) to accommodate the gas-phase species. This suggests that a gas-phase chemical species will bind more strongly to liquid water than to ice because of the possibility of molecular rearrangement at the surface.
The The extent of such a partition would be a function of several factors including temperature, pressure, and the concentration of the radical. The values of these quantities can vary widely for different regions of the atmosphere.
The idea of a partitioning of HO 2 radicals between the surface and the bulk enhances our current understanding of how atmospheric radical species interact with cloud droplets. A partitioning implies that HO 2 radical chemistry can occur on the surface of a cloud droplet and within the bulk of the same droplet simultaneously.
Potential energy curves were then created for each of the (H 2 O) 20 ⅐HO 2 configurations. Although they have quite different energy values at their minima, the three curves do have in common both the distances at their minima and the distances {for the two [(H 2 O) 20 ⅐HO 2 ] OUT configurations} at which the interaction energy approaches zero. This suggests that the dominant feature for predicting the energetics between HO 2 and the (H 2 O) 20 cage is the distance between the central oxygen atom of the radical and the closest oxygen atom of a cage water molecule.
A final set of calculations was performed to determine how the relative energies of the (H 2 O) 20 ⅐HO 2 complexes would change with variations in temperature. Free energies were calculated for each of the (H 2 O) 20 ⅐HO 2 structures as functions of temperature between 0 and 600 K. As can be seen in Fig. 5 , these energies all decrease (become more negative) with increasing temperature. It can be seen from Fig. 5 OUT,TOP curve is always the most stable configuration. The shrinking of the energy gap, as the atmospherically relevant temperature range is approached, however, supplies OUT,TOP is taken as the reference energy at each temperature.
further evidence for the idea of a partitioning between states that was described above.
Laboratory studies have demonstrated that the uptake of gas-phase HO 2 is limited only by its rate of diffusion to a water surface (16) , which means that the mass accommodation, the fraction of particles striking a liquid surface that will penetrate the surface and become incorporated into the bulk, approaches unity. Heterogeneous HO 2 loss constitutes 5-10% of the homogeneous gas-phase chemical loss for low to moderate aerosolloading conditions and becomes comparable to gas-phase chemical loss for high aerosol loading (17, 18) . These estimates assume that HO 2 is irreversibly destroyed after being accommodated by the aerosol surface, and this assumption remains the principle uncertainty in the process. The present results suggest that this assumption may not be a valid one. The question of whether subsequent HO 2 chemistry occurs on the surface or in the bulk requires further study; however, results of this study suggest that HO 2 chemistry may be occurring on the aerosol surface or between surface-bound and gas-phase reactants. Furthermore, the idea of water-soluble radicals suggests that the interiors of cloud droplets may be an additional medium in which atmospheric radical chemistry may occur.
Conclusions
We have presented here a theoretical study performed to examine the interactions of an HO 2 radical with a model water surface. We have found that the energy difference between a radical on a surface and one surrounded by water molecules can be small. Calculated free-energy curves were used to confirm that this behavior will be preserved at the finite temperatures of the atmosphere. The small energy difference between the internal and external configurations was used to argue that a partitioning between surface-bound and dissolved radicals may occur. Such a partitioning implies that radical chemistry may occur on the surface of a cloud droplet and within the cloud droplet simultaneously. This idea of the partitioning between surface-bound and dissolved HO 2 radicals is significant because of the roles that HO 2 plays in the budgeting of the chemical species of the atmosphere. For example, it is known that HO 2 radicals can be converted to hydrogen peroxide with coppercontaining aerosols as the medium. The mechanism proposed is (ref. 19 
